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Abstract
Seismic data will be a vital geophysical constraint on internal structure of Europa if we land
instruments on the surface. Quantifying expected seismic activity on Europa both in terms
of large, recognizable signals and ambient background noise is important for understand-
ing dynamics of the moon, as well as interpretation of potential future data. Seismic energy
sources will likely include cracking in the ice shell and turbulent motion in the oceans. We
define a range of models of seismic activity in Europa’s ice shell by assuming each model
follows a Gutenberg-Richter relationship with varying parameters. A range of cumulative
seismic moment release between 1016 and 1018 Nm/yr is defined by scaling tidal dissipation
energy to tectonic events on the Earth’s moon. Random catalogs are generated and used to
create synthetic continuous noise records through numerical wave propagation in thermo-
dynamically self-consistent models of the interior structure of Europa. Spectral characteris-
tics of the noise are calculated by determining probabilistic power spectral densities of the
synthetic records. While the range of seismicity models predicts noise levels that vary by
80 dB, we show that most noise estimates are below the self-noise floor of high-frequency
geophones, but may be recorded by more sensitive instruments. The largest expected sig-
nals exceed background noise by ∼50 dB. Noise records may allow for constraints on interior
structure through autocorrelation. Models of seismic noise generated by pressure variations
at the base of the ice shell due to turbulent motions in the subsurface ocean may also gener-
ate observable seismic noise.
1 Introduction
Europa is a fascinating target which is likely to be a focus of future planetary science
missions. Observations from the Voyager and Galileo missions [Kohlhase and Penzo, 1977;
Russell, 2012] and Earth-based observations reveal a young, fractured icy surface [Zahnle
et al., 2003] with magnetic signals that indicate a global subsurface ocean [Kivelson et al.,
2000]. The presence of liquid water makes the moon a prime target for astrobiological in-
vestigations, leading to multiple future missions in the planning stages, including the Europa
Clipper from NASA [Phillips and Pappalardo, 2014], the JUICE mission from ESA [Grasset
et al., 2013], and a proposed Europa lander mission [Hand et al., 2017].
While coarse information about subsurface structure of planetary bodies can be gleaned
from gravity and magnetic observations from orbital and Earth-based observations, such
models are generally quite non-unique. Other geophysical observations will be required in
order to determine more precise details, such as thickness of the ice shell, depth to the ocean
bottom, and any other details of structure beneath the ocean. Orbital ice penetrating radar
measurements have long been proposed to look for the depth to Europa’s ocean [e.g. Chyba
et al., 1998]. Scattering in an impact gardened or tidally fractured regolith may cause this
to be a problematic observation [Eluskiewicz, 2004], although more recent studies suggest
the scattering may not be so problematic [Aglyamov et al., 2017]. If a lander is sent to Eu-
ropa [Hand et al., 2017], a seismometer would provide an important complement to radar
observations. In fact, seismology has been the primary geophysical technique constraining
the detailed structure of the Earth’s interior. Several previous studies have identified seismic
signals ranging across a broad frequency band with the potential to provide important sub-
surface structural constraints on Europa [Kovach and Chyba, 2001; Lee et al., 2003; Panning
et al., 2006], while seismic investigations also present the opportunity to observe other sig-
nals of activity in Europa’s ice shell and ocean that could have relevance to astrobiological
investigations [Vance et al., 2017a].
Understanding the seismic energy budget for Europa is both an important constraint on
the ongoing dynamic processes of the planetary body, as well as a critical constraint on both
“signal” (large, temporally and spatially isolated sources) and “noise” (nearly continuous and
ongoing seismic excitation) for any potential seismic recording. In order to use seismology
to increase our understanding of Europa, it is important to attempt to quantify instrument
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requirements as well as possible. Obviously, an instrument needs to be sensitive enough to
record the desired signals, whether these be body waves reflecting from the base of the ice
shell and ocean [e.g. Lee et al., 2003] or other longer-period signals [Kovach and Chyba,
2001; Panning et al., 2006], but it is also important to estimate the amplitude of the ambient
noise. This noise estimate informs mission planners of likely signal-to-noise ratios and sets
an important baseline for instrument sensitivity. Designing an instrument that is sensitive
to signals orders of magnitude below the ambient noise floor is inefficient, but being able to
record the noise floor can provide important science return on its own.
On Earth, the majority of the energy of the ambient noise field originates in the oceans,
and analyzing it in the “microseismic band” (at periods roughly between 5 and 20 seconds)
provides important constraints on wave interactions relatively near the shore [e.g. Longuet-
Higgins, 1950], while signals due to infragravity waves excited by ocean storms cause con-
tinuous oscillations of the whole Earth at much longer periods [e.g. Rhie and Romanowicz,
2004]. Constraining the amplitudes and frequency characteristics of the noise therefore can
give us important constraints on active processes occurring on a planetary scale. Following
work looking at correlation of noise in event codas producing signals that approximate the
seismic response between two stations [Campillo and Paul, 2003], noise records on Earth
have also been extensively used in the last decade and a half to generate useful signals to
constrain internal structure.
On Europa, we do not yet have any direct constraints on the seismic signal and noise
characteristics, but it is reasonable to hypothesize that such noise will be primarily gener-
ated by a combination of widespread ice-tectonic events (i.e. tidal cracking) within the ice
shell and motions of the subsurface ocean. The energy source for both types of noise would
be tidal deformation due to the slightly elliptical orbit of Europa around Jupiter. There is
observational evidence for Hubble Space Telescope imaging of transient plumes of water va-
por [Roth et al., 2014] which suggests that opening and closing of cracks is ongoing today,
and is controlled by tides [Rhoden et al., 2015]. Further observations recently confirmed the
plumes [Sparks et al., 2017] and suggested they may be correlated with a thermal anomaly
associated with tidal friction and/or access to the internal ocean.
In this study, we propose to produce quantitative estimates of the seismic signal and
noise due to widespread small ice-tectonic events, which is a problem amenable to careful
quantification with a small number of assumed properties of Europa using available seismic
modeling tools. With this noise estimate, we demonstrate some potential for using autocor-
relation of noise recording to look for ice shell and ocean geometry. Finally, we also look
at an initial estimate of possible noise due to one model of turbulent flow in Europa’s ocean
[Soderlund et al., 2014], although further work on this noise source will be important.
2 Modeling tidal cracking events with a Gutenberg-Richter relationship
The slightly elliptical orbit of Europa around Jupiter causes tidal stresses that vary di-
urnally with amplitudes of ∼100 kPa [e.g. Hoppa et al., 1999]. This stress has been mod-
eled as sufficient to induce fracturing extending 10’s of meters into the ice shell [Lee et al.,
2003]. In addition, some surface observations are used to argue for non-synchronous rotation
of Europa [e.g. Bills et al., 2009, for further details], and such motions could cause larger
stress values, possibly exceeding 1 MPa [e.g. Hurford et al., 2007; Beuthe, 2015]. Such
larger stresses could cause cracking extending several kilometers into the ice shell [Lee et al.,
2005], which would generate significant seismic energy release.
Rather than attempting to model the distribution of ice-cracking events through de-
tailed stress modeling, which depends strongly on many assumptions such as ice rheology,
porosity, and brine content, we choose instead to use a simple statistical model to determine
seismic energy release due to ongoing cracking events in the Europan ice shell. Following
work by Golombek et al. [1992] for modeling seismicity of Mars, we choose to assume seis-
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micity in Europa’s ice shell will follow a Gutenberg-Richter relationship [Gutenberg and
Richter, 1944], which is typically written as a log-linear relationship between the number of
events observed greater than or equal to a particular earthquake magnitude,
log N(MW ) = a − bMW , (1)
where N(MW ) is the number of events greater than or equal to moment magnitude MW , and
a and b are empirically defined parameters which are fit to a particular seismicity catalog.
Moment magnitude can be related to the seismic moment, M0, of a particular seismic event
by the definition of MW [Kanamori, 1977],
logM0 = 1.5MW + 9.1, (2)
and so Golombek et al. [1992] chose to write the Gutenberg-Richter relationship in an equiv-
alent form as
N(M0) = AM−B0 , (3)
where A and B are empirical parameters, which can be related to a and b by substitution
from equation 2 into equation 1 to obtain a = log A − 9.1B and b = 1.5B.
If we assume seismicity on Europa will follow such a relationship (as is true for ob-
served catalogs on the Earth and the Moon), expected numbers of events of any size can be
calculated simply by specifying physical parameters that constrain the parameters A and B.
Golombek et al. [1992] showed that these can be uniquely determined by specifying the cu-
mulative seismic moment released per year, ΣM0, the maximum event size, M?0 , and a value
for b, which specifies the slope in the Gutenberg-Richter relationship, where the cumulative
seismic moment and maximum event size can be related to A and B by the relationship
ΣM0 =
AB
1 − B
(
M?0
)1−B
. (4)
While some variation in b values is observed in different seismic catalogs, all Earth catalogs
generally have values that vary between ∼0.7 and ∼1.3 [Frohlich and Davis, 1993], and so
we choose to simply assume b = 1 for most catalogs we develop in this study, leaving us only
to define the cumulative moment release and maximum event size. For lunar records, though,
the b value may differ from this narrow range. Lammlein et al. [1974] suggested a very high
b value of 1.78 for waveform identified tectonic events based on the logarithm of observed
amplitudes rather than earthquake magnitude, while Nakamura [1977] observed a very low
b value of 0.5 for a catalog of the largest distant events, which he categorized as High Fre-
quency Teleseismic (HFT) events. Obviously, these still bracket a value of 1, but represent
very different end members. Additionally, it is possible that material properties and rheology
of ice may lead to different b values for ice tectonics as compared to tectonics in silicate ma-
terials. Terrestrial studies of icequakes in various environments cover a wide range of appar-
ent b values [see review by Podolskiy and Walter, 2016]. Most studies, however, either show
a value of near 1 or clustered at higher values approaching 2, which implies a much greater
number of small earthquakes for a given seismic activity rate. For non-fracture related ice
seismic sources, like calving of glaciers, events may not follow a Gutenberg-Richter distribu-
tion at all, but instead show a characteristic event size [e.g. Veitch and Nettles, 2012]. For this
study, we choose to primarily focus on a b value of 1, but explore implications of varying b
value in section 6.2.
We consider a range of options for the cumulative moment release estimate. A rea-
sonable starting point for such an estimate would be to scale it to our only available plan-
etary catalog aside from the Earth. Based on Apollo data, lunar seismicity is described by
a cumulative seismic moment release of approximately 1015 Nm/yr [Oberst, 1987]. While
there are multiple models for the driving energy of lunar seismicity, tidal periodicities in the
occurrence rate [e.g. Lammlein et al., 1974] suggest an important role for tidal dissipation
energy in driving quakes. The dissipated tidal energy in the moon is estimated at 1.36 GW
–4–
Confidential manuscript submitted to JGR-Planets
Table 1. Model parameters for seismicity models
Model ΣM0 (Nm) M?0 (Nm)
A 1016 1019.5
B 1016 1018
C 1018 1019.5
D 1018 1018
Preferred 1017 1018.5
[Williams et al., 2001], while the dissipated energy in the ice shell of Europa has been es-
timated from 630 GW up to a few thousand GW [Tobie et al., 2003; Hussmann and Spohn,
2004; Vance et al., 2007], which is larger by approximately 3 orders of magnitude. Based on
this, it is reasonable to expect cumulative moment release on Europa to significantly exceed
that of the Earth’s moon. However, it is likely an oversimplification to simply assume a lin-
ear scaling. For example, while brittle fracture leading to seismic energy release is likely in
the upper portion of the icy shell [e.g. Lee et al., 2003, 2005], the ice will likely be ductile at
greater depths and higher temperatures, which means that energy dissipated at these depths
is unlikely to produce seismic moment release. Based on spacings of geologic features, the
brittle-ductile transition on Europa has been placed at a depth of approximately 2 km [e.g.
Pappalardo et al., 1999], meaning that the brittle portion of the shell would make up any-
where from several percent of the total volume for a thick shell to several tens of percent of
the volume of a thin shell, which would suggest a corresponding reduction to simple linear
scaling from the Earth’s moon. Based on these considerations, we make an initial approxi-
mation that activity levels will be 1 to 3 orders of magnitude above that of the moon, leading
to a range of 1016 to 1018 Nm/yr. Additionally, there may be other energy sources for lunar
seismicity which complicate a simple scaling relationship. For example, the HFT events,
which are some of the largest recorded by the Apollo mission, do not appear to be linked to
the tidal cycle. As a matter of fact, the cause of these events is very uncertain, and has even
been proposed to be linked to encounters with high velocity nuggets of strange quark matter
[Frohlich and Nakamura, 2006]. To be conservative, we are treating the simple scaling result
as an upper bound, but also considering rates up to 2 orders of magnitude lower.
Nimmo and Schenk [2006] argue based on observed surface faulting in regions with
Galileo data of sufficient resolution that observed faulting corresponds to a seismic moment
magnitude of MW 5.3, assuming a low shear modulus of the ice due to regolith development.
If the shear modulus of the ice is closer to that of unfractured ice, this increases to a magni-
tude of ∼ MW 6 [Panning et al., 2006]. Given that only a limited portion of the surface was
investigated, this suggests the maximum event size should be at least MW 6. With a b value
of 1, there are an order of magnitude fewer events for each unit increase in magnitude, how-
ever a unit increase in magnitude corresponds to an increase in energy by a factor of ∼30.
This means the largest events dominate the cumulative moment release, and so a larger max-
imum event size implies relatively fewer of the frequent small events most likely to be ob-
served by a short duration surface landed experiment. This seems like a counter-intuitive re-
sult, as there is a general expectation that the maximum event size in a particular catalog and
the cumulative moment release should be correlated. Likely, such a correlation is to be ex-
pected in most settings; however, there is no explicit physical relationship defining how such
a correlation should be defined. Even if we could define such a relationship, we would expect
some variance between catalogs in how closely correlated the maximum event size would be
with the cumulative moment release. Therefore, we choose to consider a range of maximum
event size between MW 6 (∼ 1018 Nm) and a more conservative estimate of 1019.5 Nm such
as that used by Golombek et al. [1992] for Mars based on the maximum observed intraplate
oceanic earthquakes on Earth.
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Figure 1. (A) Plotted Gutenberg-Richter relationships for random one-week realizations of 5 different
seismicity models described in table 1. (B) Plot of one week of randomly realized events for the “preferred”
model.
Given this range of estimates for cumulative moment release, we choose to define 5
candidate models of Gutenberg-Richter parameters to describe the activity of ice-tectonic
events in Europa’s ice shell (fig. 1). We define 4 end member models with either low (1016
Nm/yr; models A and B) or high (1018 Nm/yr; models C and D) cumulative moment release,
and either a large (1019.5 Nm; models A and C) or small (1018 Nm; models B and D) maxi-
mum event size (table 1). Finally we defined a “preferred” model with parameters between
the end members (ΣM0 = 1017 Nm and M?0 = 10
18.5 Nm). Figure 1A displays the statistics
of random 1-week realizations of these catalog parameters. Theoretical Gutenberg-Richter
relationships would make straight lines on these plots, but a random realization causes some
variation around these straight lines, particularly near the small number of large events. Each
catalog is realized by calculating a probability of occurrence of each event size per second,
and then creating a catalog by comparing these probabilities to random numbers generated
for a desired length of time (fig. 1B). We can then use these catalogs to generate synthetic
long-duration seismic records, provided we also randomly assign location and source mecha-
nism characteristics to each event, as discussed in section 4.
3 Europa structure models
Accurately modeling potential Europa noise signals relies also on correctly character-
izing the seismic wave propagation from modeled noise sources. For this, we need realistic
structure models that detail elastic properties, density, and anelastic attenuation structure.
Vance et al. [2017b] have produced a tool for building models of icy ocean worlds that are
thermodynamically self-consistent, and include up-to-date thermodynamic properties for
ices, saline oceans, as well as the rocky interior and iron core of Europa. Radial structures
are computed as per Vance et al. [2014], with self-consistent ice and ocean thermodynam-
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Figure 2. (A) VP (blue), VS (green), and density (blue) for the 5 km thick ice shell model (solid) and 20 km
thick ice shell model (dashed). (B) Same as (A), but zoomed in to show ice shell and upper ocean structure.
(C) Qµ values for the ice shells for the 5 km thick ice shell (red) and 20 km thick shell (green) for the high
(solid) and low Q (dashed) models.
ics, using boundary conditions of surface and ice-ocean interface temperature. Thermody-
namics for rock have been added as per Cammarano et al. [2006], with updates to account
for rock porosity, mineral hydration, and the presence of Na-bearing minerals. All models
are designed to match the observations of a bulk density of 2989±46 kg m−3 and normal-
ized moment of inertia of 0.346±0.005 [Schubert et al., 2004]. All modeling tools are freely
available via GitHub (http://github.com/vancesteven/PlanetProfile).
Temperature profiles can be tuned to produce different ice shell thicknesses. It is also
possible to consider a range of internal compositions and temperature profiles for the interior
below the ocean, but we only explore differences in ice shell thickness in this study (fig. 2).
Previous modeling showed that observable seismic signals for sources located within the ice
shell are dominated by the structure of the ice shell and have little sensitivity to structure be-
low the ocean [Panning et al., 2006]. For this study, we consider two different ice shell thick-
nesses, 5 and 20 km. Ice shell thickness has a very strong influence on the character of the
surface waves, which grade from relatively non-dispersive Rayleigh waves to flexural waves
at a characteristic frequency that depends on the thickness. There are also guided SV waves
in the ice shell [Crary waves, Crary, 1954] that have characteristic frequency content that de-
pends strongly on ice shell thickness. While ice shells thicker than 20 km are possible, these
two values roughly bracket a reasonable range to constrain how overall noise characteristics
may vary with thickness.
Amplitudes also depend on the attenuation structure of the model. For initial estima-
tion, we followed the approach of Cammarano et al. [2006] to obtain temperature and fre-
quency dependent estimates of shear quality factor, Qµ with the expression
Qµ
ωγ
= Ba exp
(
γH(P)
RT
)
(5)
H(P) = gaTm, (6)
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Figure 3. Sample noise record (A) plotted for a 1 week realization of the “preferred” seismicity model (B)
in the 5 km ice shell model with high Q.
in which Ba = 0.56 is a normalization factor, ω is the seismic frequency, exponent γ = 0.2
is the frequency dependence of attenuation, and R is the ideal gas constant. H, the activa-
tion enthalpy, scales with the melting temperature Tm and with the anisotropy coefficient ga,
and the values of ga chosen for various ices are described in Vance et al. [2017b]. The bulk
quality factor, Qκ , is neglected. This relationship predicts very high Q values, and there-
fore very little attenuation, within the ice shell (fig. 2C). However, attenuation in ice at very
low temperatures is not very well constrained. Although studies of glacier ice suggest near-
surface layers can have very low Q [Gusmeroli et al., 2010], high Q values are reached at low
temperatures. Fractured ice may also be more attenuating than simple melting temperature
scaled solid ice estimates, and partial but incomplete saturation with fluids can lower Q even
further [Peters et al., 2012]. For these reasons, we choose to use two different Q structures:
one predicted by equation 5, and one with Q arbitrarily reduced by a factor of 10. Combining
the 2 different ice shell thicknesses and 2 different Q structures explored, we have 4 struc-
ture models to explore in this study. Combined with the 5 seismicity models discussed in
section 2, we have 20 different noise simulations to create.
4 Noise estimates
With the catalogs based on assumed Gutenberg-Richter relationships and the thermo-
dynamically self-consistent models in place, we have the ingredients to create synthetic noise
records representing the expected background noise due to cracking events in the ice. In or-
der for these to be useful, we need to be able to rapidly calculate waveforms for arbitrary
source locations up to frequencies near 1 Hz for thousands to tens of thousands of events.
Fortunately, the python-based Instaseis program [van Driel et al., 2015] is well-suited for
problems of this type. Instaseis makes use of full waveform databases computed with the ax-
isymmetric spectral element code AxiSEM [Nissen-Meyer et al., 2014]. These databases are
computed for 2 sources (one vertical force and one horizontal) located at the surface at the
north pole in a 1D spherically symmetric planetary model, which can then be rapidly inter-
polated to arbitrary source and receiver geometries using the principle of reciprocity. This
–8–
Confidential manuscript submitted to JGR-Planets
Figure 4. An example probabilisitic power spectral density for the 5 km thick ice shell high Q model with
the preferred seismicity model. Background colors are the probability density function of ground acceleration
power using 584 partially overlapping 1 hour segments covering 2 weeks of simulated noise records. The
solid black line represents the mean PSD, while the thin green lines represent the PSDs for the highest three
1 hour segments. Note that the peak amplitudes are 40–50 dB above the mean background noise. Grey lines
represent the low and high noise models for background noise observed at Earth stations [Peterson, 1993].
allows for rapid seismogram calculation, from milliseconds to seconds on a desktop proces-
sor depending on length and frequency content of the waveform database, although the initial
waveform database is a larger computational investment. AxiSEM is readily able to handle
arbitrary planetary models, as demonstrated by the exploration of ocean world seismology by
Stähler et al. [2017].
The catalogs of section 2, which initially were only calculated to give a time-series of
quake occurrence, need to be completed by specifying all the relevant source characteristics.
For this exercise, we assumed a polar location for our station and a homogenous distribution
of epicenters on the surface of the planet. Depth was randomly assigned between the sur-
face and 2 km depth, a commonly assumed depth of the brittle-ductile transition [Pappalardo
et al., 1999]. Strike, rake, and dip were also randomly assigned. Clearly, the real seismicity
on Europa will likely be influenced by the tidal stress pattern, causing variations in seismicity
rate in both time and space, but a homogenous distribution was chosen as an initial baseline
estimation of the kind of seismic activity we could expect for a landed seismometer on the
surface of Europa. Once these source characteristics are defined for the catalog, we gener-
ate noise records using Instaseis with all events calculated using AxiSEM databases with 1
hour databases calculated to a dominant frequency of 1 Hz. Figure 3 displays a typical seis-
mic trace realized for a 1 week catalog based on the “preferred” seismicity model. Note that
the record is dominated by a handful of larger events, which is typical for any record calcu-
lated with a Gutenberg-Richter relationship with a b value of 1. Between these larger events,
however, a background level of seismic energy develops from the large numbers of smaller
events (e.g. figures 1B and 3B). As another way of presenting such simulated records, we
have created sound files by speeding up portions of the records by a factor of 500 using pub-
licly available Matlab tools [Kilb et al., 2012], and included these in supporting information.
In order to determine reasonable spectral characteristics of the average power of the
ambient noise from this record, we need to be careful to not simply estimate power spectral
density of the whole record. This will be dominated by the sporadic large events, and not
represent the power in the noise between these events, which is what the sensor will record
–9–
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Figure 5. Summary noise figures plotting mean PSD estimates for noise models in 5 km thick (A and C)
and 20 km thick ice shell models (B and D) assuming high Q (A and B) or low Q in the ice shell (C and D).
For each model, the mean PSD estimate is plotted for the five seismicity models as solid lines. Low and high
noise models for the Earth are plotted in grey [Peterson, 1993]. For comparison, self-noise curves for broad-
band STS2 and Trillium Compact Earth instruments [Ringler and Hutt, 2010], the SP instrument which will
be launched with the InSight mission [Pike et al., 2016] and a typical high frequency geophone [Rodgers,
1994].
the majority of the time. To account for this, we use a probabilistic approach to determin-
ing the power spectral density (PSD) that is commonly used when assessing noise levels
recorded by seismic stations on Earth [McNamara and Buland, 2004]. This is implemented
by the PPSD tool in the signal processing toolkit of ObsPy [Krischer et al., 2015], which is
a seismic package for Python. In this approach, the record is divided into a series of overlap-
ping 1 hour segments (the value typically used in evaluating noise characteristics of Earth
stations), and a PSD is determined for each segment. These are then stacked in order to ob-
tain a probability density function of the noise (fig. 4). We note that in a Gutenberg-Richter
relationship, the choice of window length in PSD estimates does have an impact on estimates
of noise level. We choose 1 hour windows to be consistent with standard evalutations, and
to insure we cover the relevant seismic frequency band, but we evaluated a shorter window
as well. If we use a window of 600 seconds instead, all estimates of mean background noise
become lower by several dB. This means that even on the scale of an hour, there is variation
in the signal level, and we are not seeing something that can be characterized as a completely
stationary, random process.
5 Results
For each combination of our 4 structural models and 5 seismicity models, we calcu-
lated a probabilistic PSD estimate of the ground acceleration noise power analogous to fig. 4.
While we calculated full 3 component noise series, we choose to focus in this study on the
vertical component, which is frequently least affected by local site effect noise in terrestrial
applications. In order to facilitate plotting multiple estimates on a single axis, we instead plot
–10–
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only the mean value (i.e. the black line in fig. 4) for all seismicity models on the same axis
for each structural model (fig. 5). To give context to these noise estimates, we also plot the
low and high noise models for the Earth [Peterson, 1993], as well as self-noise models for
several seismic instruments, ranging from an industry standard for high quality broadband
instruments [the STS2 with the dark red dashed line, Ringler and Hutt, 2010] to a readily
available low cost high frequency geophone [dashed black line, Rodgers, 1994]. In between
are the noise estimates for a Trillium Compact instrument [Ringler and Hutt, 2010], which is
a common instrument used in Earth applications, and the SP instrument built for the InSight
mission to Mars, due to launch in 2018 [Pike et al., 2016]. These two instruments have a
similar noise floor between the top-of-the-line broadband instruments and the high-frequency
geophones.
For the overall noise level, both the 5 km and 20 km thick ice shell models produce
similar amplitudes at the highest frequencies we explored near 1 Hz (fig. 5). The thinner ice
shell models have higher amplitudes at lower frequencies, with a difference of 10–20 dB near
periods of 10 s, depending on whether we are comparing the low or high Q models. This is
consistent with the signal of large amplitude lower frequency flexural waves predicted for
thinner ice shells [Panning et al., 2006]. As expected, the lower Q models also predict lower
amplitude noise models, with the factor of 10 difference in Q here leading to approximately
20 dB lower power signal near 1 Hz in the low Q models compared to the high Q models of
the same thickness. The range of seismicity models explored here, however, are the biggest
source of uncertainty. The difference in signal power between the high seismicity model D
and low seismicity model A leads to a ∼ 80 dB offset of our final noise power estimates.
Compared with the instrument noise curves, we can see that a relatively low sensitiv-
ity geophone is unlikely to record the ambient noise due to tidal cracking, regardless of the
model chosen or the seismicity level. More sensitive instruments like the InSight SP may be
able to record this kind of ambient noise for higher overall seismicity levels, at least near 1
Hz, and a very sensitive instrument may be able to record over a broader frequency range out
to 10 s period for the highest seismicity levels.
The peak recorded signals, though, representing the largest events during the span of
2 to 3 weeks, rise 30–50 dB above the mean noise level (fig. 4), and are thus likely record-
able between 1 Hz and 10 s period with an instrument similar in quality to the SP instrument
or Trillium compact. This separation of 30-50 dB is actually a conservative estimate, as it
is based only on 1 hour calculations for the PSD. A window chosen to specifically highlight
the event would return a slightly higher power estimate. In fact, specific phases of interest
like body waves which may record ice shell and ocean reflections [e.g. Lee et al., 2003], or
the Crary phase which is sensitive to ice shell thickness [e.g. Vance et al., 2017a], or the sur-
face waves, including flexural waves [e.g. Panning et al., 2006] rise above both instrument
noise curves and background noise levels (fig. 6). The traces shown in figure 6 rise above
the background noise even though they include an approximation of the effects of moderate
scattering (see section 6.4 for details about how this is implemented). These are calculated
for a moment magnitude (MW ) 3.1 event 90◦ from the lander. This is a reasonable estimate
for the largest event recorded in a few weeks given our preferred seismicity model (fig. 1).
Even these high amplitude arrivals, though, only just begin to approach the self-noise floor of
the high frequency geophone. This estimate, however, is based on a relatively distant event,
which is reasonable if we assume a homogenous, random distribution of events with a land-
ing site that is not chosen to maximize probability of recording an event. In this case the vast
majority of events recorded will take place between 45◦ and 135◦ from the lander based sim-
ply on surface area of a sphere. If a landing site on Europa (or similarly for Enceladus or
Titan) were chosen to be close to areas of observed activity (such as observed plumes or
modeled maximal tidal stresses), it may be reasonable to expect larger events closer to the
lander, and a less sensitive instrument may be sufficient. Further modeling of expected activ-
ity would then be essential.
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Figure 6. Sample three component seismogram (vertical component black, horizontal component along the
great circle between source and receiver in blue, and perpendicular to the path in red) for a MW 3.1 event at a
depth of 2 km at a 90◦ epicentral distance from the station in the 5 km ice shell high Q model (top). Approxi-
mate scattering in the ice shell is included (see section 6.4 for details). Bottom row shows spectra for the three
grey windows for the three components calculated by averaging over 100 random focal mechanisms. Grey
field in lower panels represents the 90% confidence limit from the PPSD calculated in model C.
6 Discussion
6.1 Autocorrelation of ambient noise
While our initial results suggest ambient noise due to cracking events alone may be
hard to reliably record, there will likely be other noise sources such as ocean noise (see sec-
tion 6.3). Regardless of the source of noise, we may be able to use reliable recordings of
background noise (i.e. background noise above the instrument self-noise) to extract useful
information about structure, even in the absence of identifiable larger ice tectonic events.
Claerbout [1968] suggested that autocorrelation of ambient noise should produce the equiva-
lent reflection response as if you had a source co-located with the receiver, and this approach
has been applied numerous times since then using either earthquake coda [e.g. Wang et al.,
2015; Huang et al., 2015] or ambient seismic noise [e.g. Tibuleac and von Seggern, 2012;
Kennett, 2015; Saygin et al., 2017]. Zhan et al. [2013] explored the use of noise autocorre-
lation in a potentially analogous setting for a deployment of broadband seismometers at 24
different sites on the Amery Ice Shelf, Antarctica. While for most sites, the incoherent noise
(e.g. the mechanical and electrical noise of the station installation) exceeded the coherent
noise, the authors were able to identify resonances in spectral ratios of the three component
data of one station which were modeled as resonances due to P waves in the water layer be-
tween the ice and seafloor.
In order to test the feasibility of such an approach with a noise source like the one
modeled in this study, we calculated autocorrelation functions, following the approach of
Huang et al. [2015]. For this test we used the vertical component of a 1-week noise record in
the 20-km ice shell model with low Q. The resulting response (fig. 7, top line) shows a clear
arrival near 175 seconds, which represents the reflection from the ocean floor. There also ap-
pear to be arrivals that correlate with the first and second multiples of that reflection, which
are clearly shown in the trace calculated using Instaseis for a co-located source and receiver
(fig. 7, bottom line), although the multiples cannot be easily distinguished from the back-
ground oscillations in the autocorrelation function. Details of the autocorrelation function
depend strongly on choices of filtering and autocorrelation window length, and while this
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Figure 7. Autocorrelation function (top) calculated from one week of simulated noise using the Model C
seismicity and the Europa model with 20 km thick ice shell and low Q compared to the zero offset displace-
ment trace calculated using a single vertical force of 1010 N (bottom). Both traces are filtered between 0.05
and 0.1 Hz.
particular model appears to show the multiples, we can generally only robustly see the first
reflection using other noise records and Europa structure models. Even this first reflection,
however, would allow for rapid determination of total ocean depth, even in the absence of any
other tectonic events.
Identification of such signals requires careful processing and filtering of the data, so
it may be possible to find other signals in the horizontal components or using other process-
ing that may also constrain other values of interest, like the ice shell thickness. Resonances
may also be easier to detect with spectral ratios, as shown by data from the Amery Ice Shelf
[Zhan et al., 2013]. In this test, though, we did not include any estimate of the observing
instrument self-noise. As illustrated by Zhan et al. [2013], however, coherent noise (due to
propagating waves) needs to exceed incoherent noise across the filtered frequency band in
order to obtain reliable autocorrelation information. That will clearly be very challenging or
impossible in the frequency band shown in figure 7 based on the mean PSD estimates dis-
cussed in this study, unless activity level is at or above the highest levels explored here and a
very sensitive instrument, such as the STS2 or the VBB instrument from the InSight mission
[Lognonné and Pike, 2015], is used. Realistically, such observations are likely only going to
be possible if it will be possible to select data from high noise periods that may exist due to
temporal variability due to diurnal tidal variations or other processes.
6.2 Impact of b values
While a b value of 1 is justified based on terrestrial datasets, it is reasonable to con-
sider whether Europa seismicity may have different behavior. For example, different means
of grouping lunar event catalogs have resulted in very different estimates of b values for lunar
catalogs. Lammlein et al. [1974] systematically identified events in Apollo data via wave-
form matching and separated them into likely moonquakes and impacts. Both catalogs exhib-
ited b values greater than 1, with the impacts at a value of 1.3 and the moonquakes at 1.78.
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A value that high has significant implications for the method employed in this study. They
argue that the higher b values may be characteristic of tidal triggering, leading to a relatively
large number of small events compared to large events. The authors, though, calculated their
b value by comparing the logarithm of peak amplitude at the stations with number of events,
rather than magnitude. This could introduce some bias into their estimate, as magnitude ac-
counts for distance as well. Larger, distant events could then be grouped with smaller closer
events, while smaller, distant events may be missed altogether. Overall, it is not clear how
large this bias would actually be or even what direction it would change our estimates. Re-
gardless, high b values indicate larger relative amounts of small event relative to the largest
events, which would reduce our expectation of recording large events, but increase the num-
ber of small, constantly ongoing events. On the other hand, Nakamura [1977] analyzed a
subset of larger distant events, which he categorized as High Frequency Teleseismic (HFT)
events. For these events, he calculated “lunar magnitude”, defined in a similar fashion as
Earth magnitude scales, and calculated very low b values of 0.5. A catalog with such a low
value of b would lead to almost all energy being released in a few large events, and a compar-
atively small number of small events.
Fracturing events in ice may also have different statistical characteristics than those in
rock. As reviewed by Podolskiy and Walter [2016], icequake catalogs on Earth show a wide
range of b values from less than 1 to greater than 2, even among studies looking at similar
types of events. Most studies, however, seem to cluster either around a b value close to 1, or
a higher value closer to 2.
The wide scatter in estimated b values in lunar and ice settings suggest the difficulty
in estimating such statistics using datasets that are comparatively limited in space and time
compared to the Earth tectonic activity catalogs. However, they do provide a strong sugges-
tion that higher b values may be appropriate in both tidally triggered settings as well as in
ice. While many resolved values in previous studies are between 1.5 and 2, we choose to
initially explore the effect of increasing the value to 1.45 (fig. 8). For values greater than or
equal to 1.5, equation 4 is no longer valid. This is because for such high b values, energy re-
lease is no longer dominated by the largest events due to there being a decrease of greater
than an order of magnitude in occurrence frequency for each order of magnitude increase
in seismic moment. In order to constrain the cumulative moment in this case, you actually
need to determine the minimum event size, rather than the maximum. Minimum event size,
however, is not easy to define by any macroscopic observation. For this reason, we choose to
only test a value of b less than 1.5.
As demonstrated in figure 8, a b value approaching 1.5 greatly increases the number of
frequent small events, which raises the background noise level. The mean PSD of the noise
follows the same spectral characteristics as the previous estimates, but is approximately 20
dB higher at all frequencies. The hours with the highest amplitude signals, however, remain
at similar amplitude as in the original estimates, as we have not increased the number of large
events. This increases the chance of useful results from recordings of ambient noise, but pos-
sibly indicates lower signal to noise ratio for the largest events.
6.3 Ocean noise
On the Earth, ambient noise at most stations is dominated by microseisms, which orig-
inate in the ocean due to pressure variations at the ocean floor related to wave interactions
[Longuet-Higgins, 1950]. While a subsurface ocean will not have the wind-driven gravity
waves observed in the Earth’s ocean, tidal deformation will generate motions in the ocean. A
study of the turbulent flow produced in the ocean suggests that there may be significant radial
flow velocities approaching 2.5 m/s immediately below the ice shell [Soderlund et al., 2014].
We convert these velocities to dynamic pressures acting on the base of the ice shell using the
relationship P = 12 ρU
2, where P is pressure, ρ is fluid density, and U is radial flow velocity.
–14–
Confidential manuscript submitted to JGR-Planets
Figure 8. Same as figure 4, but using a catalog with the preferred cumulative seismic moment and maxi-
mum event size, but with a b value of 1.45. The mean PSD for the case with b of 1 is plotted as a red dashed
line.
Figure 9. An example random radial ocean velocity field time slice generated as described in the text with
parameters chosen to match the general characteristics of the model of Soderlund et al. [2014].
Associated pressure variations are a few kPa, which is comparable to pressure variations at
the floor of Earth’s ocean.
The simulation of Soderlund et al. [2014] only modeled motions with periods longer
than ∼1000 s, so the excitation occurs at significantly longer periods than we have focused
on with the ice tectonic sources. To model this in the range of frequencies discussed in this
study, we create a random radial velocity model (fig. 9), which we convert to dynamic pres-
sure at the base of the ice shell, as an input source to Instaseis. This allows us to generate
noise time series comparable to those we calculated for the ice tectonic sources. We generate
a random velocity field that is correlated in both space and time as defined by a von Karman
autocorrelation function, as has long been used in defining randomly perturbed seismic me-
dia [e.g. Sato, 1982], with correlation lengths of 50 km in latitudinal and longitudinal direc-
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Figure 10. Calculated noise spectra from modeled ocean pressure variations at the base of the ice shell
in the 20 km model with high Q at the equator (A) and north pole (B) compared with instrument self-noise
curves.
tions and 1000 s in time. The structure is confined to within 20◦ of the equator, compatible
with the larger amplitudes observed near the equator in the model of Soderlund et al. [2014],
as seen in the example time slice shown in figure 9. The correlation lengths in space and
time chosen here produce a time-varying radial velocity model that is very similar in char-
acteristics to the wavelengths and time variation in the model from Soderlund et al. [2014].
The amplitudes of velocities are set to vary on the scale of ±1 m/s in order to be comparable
with the model of Soderlund et al. [2014].
The resulting seismic noise spectra produced by such a model are shown for the 20 km
thick model with high Q. The noise amplitude depends on the latitude of observation, with
significantly larger amplitudes at the equator than the poles (fig. 10). The equatorial signal is
comparable with the noise floor of the SP or Trillium compact instruments. In each case, the
spectrum drops off at higher frequencies, and this drop-off is a function of the drop-off of the
spectrum of the von Karman source-time functions. If we used another method to extrapolate
to higher frequencies, it is possible that this slope could change, but this indicates that ocean
turbulence may create enough pressure signal to be observable with potential planetary seis-
mic instruments.
As discussed by Zhu et al. [2017], however, the values of the ocean thermal diffusivity
and vertical temperature gradient utilized by Soderlund et al. [2014] may be unreasonably
large. If this is the case, turbulent flow velocities could be considerably lower than estimated
here. In fact, they may be low enough that global variations in ice shell thickness produce a
stratified layer of lower salinity water in the region of ice melting [Zhu et al., 2017]. Such a
stratification would act to further dampen radial flow velocities at the base of the ice shell,
decreasing the estimated ocean noise.
This model also only considers dynamic pressure forcing on the base of a smooth
spherical shell, which would not generate significant excitation of Love waves and other SH
modes. However, on the Earth, the background long period seismic hum, which is believed
to primarily originate in the oceans, shows excitation of Love waves and toroidal modes [e.g.
Kurrle and Widmer-Schnidrig, 2008; Nishida, 2013], which may be caused by shear tractions
associated with ocean floor topography [Nishida, 2013]. This implies that realistic topogra-
phy of the base of the ice shell will be important for understanding noise from the ocean on
Europa.
–16–
Confidential manuscript submitted to JGR-Planets
Figure 11. Same as figure 4, but using a model including heterogeneity to simulate moderate scattering
within the great-circle path between source and receiver. The mean PSD for the case with no scattering is
plotted as a red dashed line.
6.4 Effects of scattering
All the modeling done to this point has assumed simple 1D models of structure for Eu-
ropa. Real data, however, are affected by small-scale structure which scatters seismic energy
from the simple geometric paths predicted in a layered 1D model. For example, our only
other high-quality planetary dataset including clear tectonic events, the Apollo catalog of lu-
nar seismic data, is dominated by scattering originating in a regolith layer that is highly frac-
tured, but with very little intrinsic attenuation [e.g. Goins et al., 1981]. Such scattering can
greatly change the character of a seismic record, reducing the amplitude of geometric phase
arrivals as energy is scattered from the geometric path, while simultaneously producing ex-
tended codas (which on the Moon can continue for an hour or longer) representing energy
that propagated longer distances due to off-path scattering. In the absence of attenuation,
such effects should not cause significant changes, however, to the frequency characteristics
of noise, as the scattering simply shifts energy of a given frequency in time from geometric
arrivals to extended codas. Spectra estimated over sufficiently long durations should show
similar characteristics in this case. In the presence of attenuation, though, the longer scat-
tered paths will allow for more energy loss due to intrinsic attenuation.
Modeling strong 3D scattering like the Moon’s requires either very finely sampled (and
thus computationally intensive) numerical wave propagation or clever statistical techniques
like a seismic phonon method [e.g. Blanchette-Guertin et al., 2015]. Such approaches can in-
clude multiply scattered energy from anywhere in the planet. This modeling, however, is be-
yond the scope of this initial study of the Europa noise environment. We can model simpler
scattering due to relatively long-wavelength structure within the great-circle path between
source and receiver using the AxiSEM/Instaseis approach of this study.
The scattering model used here is discussed more thoroughly in Stähler et al. [2017].
We implement a von Karman random medium with a correlation length of 5 km and velocity
variations of 10%. As before, we calculate an hour-long waveform database using AxiSEM
and then use Instaseis in combination with our seismicity catalogs to estimate a continuous
noise record which is used to estimate a PSD for the noise (fig. 11). We show the results for
a scattering model superimposed over the high Q model with a 5 km ice shell. The general
character of the noise is similar, however there is a significant reduction in the mean PSD
amplitude for periods shorter than a few seconds. Some of this effect may be partially due
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to longer scattering paths pushing energy outside of the hour-long waveform records used
for our noise calculation, but it is likely that this is mostly due to greater loss of energy to
attenuation due to longer scattered path lengths at higher frequencies. Large events still show
a similar offset by 30–50 dB as seen in the unscattered records, but the peak energy is shifted
to slightly lower frequency compared to the unscattered case.
6.5 Effects of regolith
On an airless body, a surface regolith that is highly fractured with void-filled cracks
formed by impact gardening or tidal tectonic fracturing is likely, although the depth of such a
layer on Europa is difficult to estimate. Coherent backscatter of Earth-based radar measure-
ments suggest a high porosity (25-75%) layer extending to depths of up to a few meters at
most [Black et al., 2001], which is consistent with scatterers that are either filled with void or
contrasting ice. This could represent an impact gardened regolith, which can be modeled
based on craters to extend up to a few meters deep [e.g Moore et al., 2008]. Eluskiewicz
[2004] proposed a regolith layer could reach a thickness in excess of 1 km based on esti-
mates of compaction timescales as a function of depth. A more recent response to that work
has been updated to more accurately model development of regolith due to tidal fractur-
ing (rather than impact gardening) along with modeled temperature profiles to determine
where ice creep rates would be sufficient to close any open pores. A large range of models
was possible with depths of such a regolith varying between 0.5 and 3 km, with porosities
varying between 1 and 22% [Aglyamov et al., 2017]. Whatever the thickness, such a layer
would likely introduce more intense 3D scattering than that modeled in section 6.4. Mod-
eling such a layer is beyond the scope of the current study as it will require computationally
intensive 3D numerical wave propagation codes or explorations using stochastic methods
based on radiative transfer theory [e.g. Gillet et al., 2016] or the seismic phonon method [e.g.
Blanchette-Guertin et al., 2015], but we can consider qualitatively how such a layer may af-
fect seismic data recovered from a landed Europa mission.
Such a layer will likely act to reduce the amplitude of any Crary waves observed in the
data, since the Crary waveguide relies on homogenous properties of the ice shell giving rise
to perfect reflections at the surface and base of the ice shell for SV waves with a horizontal
slowness equal to that of a P wave propagating in the ice shell [Crary, 1954; Vance et al.,
2017a; Stähler et al., 2017]. However, the scattering and coda such a layer produces could be
used to increase other kinds of science return from seismic data. For example, the scattered
seismic energy either in ambient noise or coda of phase arrivals could be used to extract high
frequency Rayleigh wave ellipticity information (greater than 1 Hz), which has been pro-
posed for use in constraining near-surface structure on Mars using data from the upcoming
InSight mission [Knapmeyer-Endrun et al., 2016]. Further investigation of possible effects
of regolith scattering will likely be essential in order to understand any returned seismic data
from Europa.
6.6 Spatiotemporal variation
For simplicity, we have assumed that seismicity follows a statistical Gutenberg-Richter
relationship that is stationary in both time and space. The tidal stresses on Europa, though,
vary as a function of time and space during each orbital cycle around Jupiter [e.g. Green-
berg et al., 1998]. This implies that the noise estimated in this study can only be considered
a mean value, and the actual levels will vary depending on the choice of landing site and
within each ∼85 hour tidal cycle. Consideration of this tidal variation as well as likely spa-
tial variation in ocean noise generation as discussed in section 6.3 will be critical in landing
site selection to maximize seismic data return.
–18–
Confidential manuscript submitted to JGR-Planets
6.7 Instrument requirements
Following Lee et al. [2003], the recently released report of the Europa Lander Science
Definition Team [Hand et al., 2017] argued for a noise floor of -35 dB with respect to a ve-
locity of 1 µm/s in order to establish a preliminary instrument requirement. If we treat this
floor as flat in velocity, and convert to the acceleration power spectral density relative to 1
m/s2 used in this study, this would correspond to approximately -175 dB at 1 Hz and -185
dB at a period of 10 s, which is comparable to the mean PSD values for the “model C” seis-
micity model in the high Q Europa models. This suggests our approach is broadly consistent
with previous noise estimates, and further suggests that both estimates of the noise floor indi-
cate that a high frequency geophone is likely not sufficient to meet science requirements for
a landed Europa mission, without relying on future modeling and observations to allow us
to specifically pick a landing site near expected activity. Meanwhile an instrument with sen-
sitivity similar to the Trillium Compact or the InSight SP instrument will more likely meet
science requirements based on the homogenous modeling developed here. Specifically, it
should be able to reliably record important phase signals from larger events (i.e. signal), and
may be able to record the background ambient noise if the actual seismic activity is in the
higher range of our estimates, or in time periods of higher activity in the tidal cycle.
This study primarily focused on the noise recorded on the vertical component, which
often has the lowest noise due to local site effects in Earth settings, but future work will also
need to focus on noise and signals from the horizontal components in order to more fully
evaluate the relative utility of sending a 3 component instrument or simply a 1-axis vertical
instrument. This will also help inform mission design on requirements of alignment of sen-
sors, such as the need for a leveling system or control of horizontal component azimuthal
orientation. Polarization information is essential for determination of back azimuth in single
station location techniques [e.g. Panning et al., 2015], and access to wave types with hori-
zontal polarization provides important constraints on relevant parameters [further discussion
in Stähler et al., 2017], and so a 3 component instrument should have significant advantages.
Further work, though, will be required to look not just at ambient noise sources, but also de-
tails of installation and lander noise.
7 Conclusions
In order to estimate the likely seismic activity and noise levels for an instrument on
Europa’s surface, we explore a range of seismicity models that follow a Gutenberg-Richter
relationship. The seismic activity level in such models depend on the cumulative seismic
moment release and maximum event size. Given a range of reasonable values for these pa-
rameters scaled from observed activity levels on the Moon, we generate catalogs, and then
use them to generate models of seismic activity and noise using numerical wave propagation
codes through thermodynamically consistent models of Europa’s interior structure.
Given this range of models, we show that most reasonable models show background
noise levels well below the sensitivity of a high frequency geophone, but potentially measur-
able by more sensitive instruments particularly for the higher seismicity models. The ampli-
tudes of the largest events observable in a given period of a few weeks are likely observable
by more sensitive broadband instruments analogous to a Trillium Compact or the InSight SP
instrument.
We demonstrate the potential of auto-correlation of such noise records to determine
the ocean depth. We also explore the possible amplitude of noise generated by turbulent flow
in the subsurface ocean due to tidal motions. Such a noise source may be observable with
reasonable planetary seismic instruments at longer periods.
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